Chloroplast glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is composed of two different subunits, GAPA and GAPB, which are encoded in the nucleus by two related genes of eubacterial origin. In the present work the genes encoding chloroplast GAPA and GAPB from pea have been cloned and sequenced. The gene for GAPB is split by eight introns. Two introns interrupt the region encoding the transit peptide and six are found within the region encoding the mature subunit, four of which are in identical or similar positions relative to genes for cytosolic GAPDH of eukaryotic organisms. As opposed to this, the gene encoding pea GAPA has only two introns in the region encoding the mature subunit. These findings strongly support the "intron early" hypothesis and suggest that the low number of introns 'in the gene for chloroplast GAPA is due to differential loss of introns during the streamlining period of the chloroplast genome following the GAPB/GAPA separation. We deduce from this that eubacteria and chloroplasts contained GT-AG introns until relatively recently and that the duplication event leading to the genes encoding GAPB and GAPA and their respective transit peptides occurred in the chloroplast progenitor prior to the successive transfer and functional reintegration of these genes into the nuclear environment. These conclusions imply that GAPA/GAPB transit peptides are of eubacterial origin.
GAPA/GAPB transit peptides are of eubacterial origin.
The endosymbiotic hypothesis, suggesting that chloroplasts may be descendants of engulfed prokaryotes related to present-day cyanobacteria, dates back to an idea of Schimper in 1883 (1) . It has been explicitly developed during the first two decades of this century, has later been extended to mitochondria, and has received fresh impetus in more modem times by the elaborated discussions of Margulis and other evolutionary thinkers (see refs. 2 and 3 also for historical aspects). With the advent of macromolecular sequencing techniques, evidence in favor of the symbiotic origin of chloroplasts rapidly accumulated, mainly in the form of sequence data demonstrating a relatively close relationship between chloroplast-specific genes and genes of (cyano)bacteria (refs. 4-8; for reviews see refs. 9 and 10). A recent highlight has been the determination of the complete nucleotide sequences of the chloroplast genomes from three evolutionarily distant land plants, tobacco, rice, and liverwort (for a review see ref. 11) .
While the genetic content of the chloroplast genome has been completely elucidated for several species, comparatively little is known about the structure and evolution of most nuclear genes encoding chloroplast components. There are hundreds of such genes (12) coding for enzymes of various metabolic pathways and for proteins of thylakoid and envelope membranes. Most of these genes must have existed in the eubacterial chloroplast progenitor, and during the course of plant cell evolution they either were transferred into the nucleus or were replaced by nuclear gene functions following duplications or modifications ofpreexisting nuclear genes (13) .
Evidence of a relatively recent transfer of a functional organelle gene to the nucleus has been presented by Baldauf and Palmer (14) for tufA, the gene encoding chloroplast protein synthesis elongation factor Tu. Those authors showed that the chloroplast-specific tufA genes ofgreen algae and angiosperms (Arabidopsis thaliana) are highly related at the sequence level but are encoded by chloroplast and nuclear DNA, respectively.
Evidence of one or several endosymbiotic gene-transfer events of undetermined evolutionary age comes from work on the genes for chloroplast glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In all higher plants, chloroplast GAPDH is composed of two different subunits, GAPA and GAPB, forming the native "heterotetramer" A2B2 (15) . Both subunits, GAPA and GAPB, are encoded in the nucleus (16), but their amino acid sequences are more closely related to those of thermophilic eubacteria (about 40% difference) than to that of cytosolic GAPDH present in the same cell (subunit GAPC, 55% difference; see refs. [17] [18] [19] [20] . Although probably of common eubacterial descent, GAPA and GAPB differ in about 20%o oftheir amino acid residues, which corresponds to a divergence time of at least 550 million years (20) , predating the angiosperm radiation (21) . In addition, there is a flexible and negatively charged C-terminal extension in GAPB that is not essential for catalytic function but possibly responsible for the observed association of the enzyme with chloroplast envelopes (20) .
Previous work showed that the endosymbiotic nuclear gene encoding maize GAPA (gene Gpal, refs. 22 and 23) contaibs three introns, two within the region encoding the transit peptide and one extremely ancient evolutionary relic (intron 3) present at the same nucleotide position as intron 2 in the glycolytic GAPDH gene from the nematode Caenorhabditis elegans (24 after the GAPB/GAPA separation, probably as a result of its "retarded" transfer into the nucleus.
MATERIAL AND METHODS
Cloning and Sequencing of the Nuclear Genes Encoding Chloroplast GAPA and GAPB from Pea. Genomic DNA for cloning and Southern blots was prepared from pea (Pisum sativum cv. Rosakrone) as described (25) . Pea DNA (160 ,g) was partially digested with Mbo I and size-fractionated in a 10-40% sucrose gradient. The 15-to 25-kilobase (kb) fractions were purified by dialysis against 10 mM Tris, pH 7.8/1 mM EDTA. A EMBL4 vector "arms" were prepared by digestion with BamHI and Sal I (26) and subsequent centrifugation through KOAc gradients (27) . The 15-to 25-kb genomic fragments (1 yg) were ligated for 12 hr at 16WC to 1.5 Mg of EMBL4 vector arms in a volume of 10 Al containing 0.05 unit of T4 DNA ligase. The ligation mixture was heated at 550C for 5 min and packaged by using a Gigapack Plus kit (Stratagene). Escherichia coli strain K803 (28) was used as a host. Recombinant clones specific for pea GAPA and GAPB were identified and isolated by plaque hybridization with random-prime labeled (29) cDNA probes encoding pea GAPA and GAPB (20) . Genomic DNA from CsCl-purified phage was isolated and digested with EcoRI. Hybridization EcoRI fragments were subcloned into phage M13 or plasmid pUC18. Ordered sets of deletion clones were prepared for EcoRI fragments of both genes by using exonuclease III according to the manufacturer's (Stratagene) protocol. The deletion clones were sequenced by the dideoxy chaintermination method in combination with the phage M13 or directly in pUC18 as double-stranded DNA by using a plasmid sequencing kit (Boehringer Mannheim).
Southern Hybridizations. Pea DNA (15 ,ug) was digested to completion with 10 units of restriction enzyme, electrophoresed in 0.8% agarose, and depurinated prior to capillary transfer and UV coupling to Hybond-N (Amersham) nylon filters according to the manufacturer's specifications. Filters were hybridized for 24 hr at 650C in 35 ml of 3 x SSPE/0.1% SDS/0.2% polyvinylpyrrolidone/0.2% Ficoll containing denatured salmon sperm DNA (50 ,g/ml) and 50 ng of a short cDNA fragment encoding either GAPA or GAPB (20) RESULTS AND DISCUSSION GAPA and GAPB Are Encoded by Single Nuclear Genes in Pea. Chloroplast GAPA is encoded by a multigene family in maize comprising up to 12 different members, most of which seem to be more or less diverged pseudogenes (23) . As opposed to this, cytosolic GAPC of maize is encoded by at least three functional genes that are regulated differentially under anaerobic conditions (30, 31) .
To enumerate the genes encoding GAPA and GAPB from pea, we probed restriction digests of genomic DNA from pea with short fragments of cDNA clones pPsGAPA1 and pPs-GAPB1 (20) . One strongly hybridizing band was found for each probe and each of the three digests (EcoRI, BamHI, and HindIII; data not shown), suggesting that GAPA and GAPB are encoded by single genes in pea.
Cloning and Sequence Analysis ofthe Functional Genes Gpal and Gpbl from Pea. Approximately 5 x 105 recombinant phage from a pea genomic library were screened with nearly full-length cDNAs encoding GAPA and GAPB from pea (20) . Two positive phages, AGpal and AGpbl, were isolated. Hybridizing EcoRI fragments were subcloned and sequenced. The total sequences are 3696 (AGpal) and 4345 (AGpbl) bases long. They contain the coding regions (plus introns) of the two genes and short stretches of their 5' and 3' flanking sequences, respectively. These sequences have been entered in the EMBL/GenBank/DDBJ database and are available from the authors. (38) .
Intron Conservation in the Endosymbiotic Genes Gpal and Gpbl and Evolution of GAPDH Architecture and Function. All GAPDH proteins have well-defined structural and functional domains ( Fig. 1 This intron is also present in Gpal and GpbJ from pea (introns 4 and 6 in Fig. 1 D and C, respectively) . There is another ancient relic in GpbJ, intron 5 at position S er 145, which is identical with intron 6 in the chicken gene (see Fig.  1 B and C and Fig. 2B ). It is intriguing that these two most ancient introns currently known, S-er 145 and G-ly 166, mark the borders ofelement al, which carries the highly conserved catalytic center in all GAPDH enzymes (35, 36) . The presence of both these introns in the pea GpbJ gene is a striking confirmation of the prediction (30) that the region encoding al existed as a separate exon that played an important role as an independent building block during the early assembly of genes encoding GAPDH and ADH (for ADH genes see Fig.  1 Gand H).
As shown in Fig. 2B, introns 3 (33) , and human ADH (34) are aligned on the basis of the corresponding structural homologies of proteins defined by x-ray diffraction studies (35, 36 (Fig. 2B) . The shift of introns along a conserved coding sequence can be explained in terms of the "intron reinsertion-homologous recombination" scenario (30) .
The two Gpal genes from pea and maize are similar in structure ( Fig. 1 D and E) , except that Gpal from pea has one additional intron (intron 3, Ly-s 85), which is located near the border between the AMP and NMN subdomains and which may be homologous to intron 4 in the related pea Gpbl gene (Fig. 1C) .
The region encoding the transit peptide of the maize Gpal gene is interrupted by two introns separating homology blocks I, II, and III (22) . The conservation of these two introns in Gpal and Gpbl from pea (see Fig. 1 C and D and Fig. 2A) indicates that transit-peptide assembly occurred relatively early in the parental gene from which the two modem descendants Gpal and Gpbl originated >500 million years ago (20) (see below). The position of intron 1 coincides with internal length differences of the GAPA/GAPB transit peptides. This suggests that the individual spacing of blocks I and II ( Fig. 2A) ---------------ANGKGFS 1. Positions of introns interrupting the sequence within codons are indicated by dots; e.g., intron Gly 166 interrupts codon 166 for glycine after the first nucleotide. Introns falling between codons are named after the residue upstream from the interruption; e.g., intron Asn 39 splits the sequence after codon 39 for asparagine. The aligned amino acid sequences are compared to pea GAPB (line 1), which is the only sequence written in full. For the other two sequences, pea GAPA (line 2) and maize GAPC (line 3), only amino acids not identical to the reference sequence are given, and the sequence similarities (percent identity) for all three pairwise comparisons are given at bottom right. Sequence elements forming helices (oooooo) and (3- subsequent divergent evolution led to differential loss of introns in Gpal. Transfer of a function into the nucleus necessitates the retention of a second functional gene copy inside the organelle at least for a certain transition period until an efficient product-return mechanism has evolved. Since Gpbl has retained more introns than Gpal, it seems plausible that its transfer into the nucleus occurred before that of Gpal, which remained in the chloroplast and continued evolving under selective constraints favoring the "streamlining" of the chloroplast genome and, hence, the selective loss of introns.
This scenario is based on the implicit assumption that polyploidy is a relatively recent feature of the chloroplast genome and that the duplication of the ancestral GAPDH gene and transfer of GpbJ to the nucleus occurred during an earlier period when the chloroplast progenitor still had a single eubacterial chromosome of considerably larger size. However, the logic of the present argument is not dependent on this assumption and also applies if one assumes that GpbJ and Gpal are descendants of duplicated chloroplast genomes.
It is difficult to estimate how long the two genes may have remained in separate genetic environments. However, by the time the Gpal progenitor was transferred into the nucleus (see below) an efficient product-return mechanism for subEvolution: Liaud et al.
unit GAPB must have already existed (see below) and mature subunits possibly assembled into active B4 tetramers, an enzyme species that does not seem to exist in present-day plants (15 These are homologous with respect to sequence and intron positions ( Fig. 2A and ref. 20) , suggesting that they evolved by exon shuffling and that a "transit peptide" already existed in the ancestral GAPDH protein of the chloroplast progenitor. Hence, GAPA/GAPB transit peptides seem to be of eubacterial origin. This is interesting because it implies that the product-return mechanism for GAPB and GAPA evolved from a preexisting eubacterial transport mechanism of unknown function. Such a relationship would make it easier to envisage how product-return mechanisms could have evolved in the first place-i.e., within evolutionary time intervals shorter than those required to destroy transferred gene copies by random nuclear mutations.
The suggestion that the eubacterial progenitor of chloroplast GAPA/GAPB subunits already had a transit peptide does not necessarily imply that all components of proteintransport mechanisms in present-day chloroplasts are of eubacterial origin. The basic features of protein transport are similar in eukaryotes and eubacteria (47) , leaving open the possibility that modern chloroplast transport systems are of bigenomic descendance. Indeed, chloroplast transit peptides seem to reflect this complexity. There is at least one clear case of a nucleus-derived transit peptide, that of chloroplast glutamine synthase, an enzyme that is definitely of eukaryotic origin (48) . There may be many more such cases, and the bigenomic origin of chloroplast transit peptides may be one of the reasons for the high degree of sequence divergence found among the present-day descendants (49, 50) .
